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Introduction

Body mass (BM) is certainly one of the most fundamental and significant elements that characterize an organism's morphological, behavioural, physiological, and ecological properties [START_REF] Calder | Size, Function, and Life History[END_REF][START_REF] Demetrius | The origin of allometric scaling laws in biology[END_REF][START_REF] Peters | The Ecological Implications of Body Size[END_REF]. Allometry, or the biology of scaling to body mass, is particularly useful in comparative biology and has been extensively explored across the full domain of life [START_REF] Hatton | Linking scaling laws across eukaryotes[END_REF][START_REF] Hulbert | Life and Death: Metabolic Rate, Membrane Composition, and Life Span of Animals[END_REF][START_REF] Peters | The Ecological Implications of Body Size[END_REF][START_REF] West | Life's Universal Scaling Laws[END_REF][START_REF] West | The origin of allometric scaling laws in biology from genomes to ecosystems: towards a quantitative unifying theory of biological structure and organization[END_REF]White et al., 2019). Metabolism sustains life by processing energy intakes from the environment into usable cellular energy that an organism can ultimately allocate to various functions depending on biological/ecological constraints (Glazier, 2015;[START_REF] Koch | Integrating Mitochondrial Aerobic Metabolism into Ecology and Evolution[END_REF]. The equation describing the influence of body mass on basal and standard metabolism is Metabolic Rate = aBM b , where a is the normalizing coefficient and b is the scaling exponent depending on metabolic activity and phylogenetic status [START_REF] Demetrius | The origin of allometric scaling laws in biology[END_REF]Glazier, 2015[START_REF] Glazier | Variable metabolic scaling breaks the law: from 'Newtonian' to 'Darwinian' approaches[END_REF]. Studies focused on the subcellular level have reported that interspecific variation in body mass impacts numerical aspects of mitochondrial bioenergetics, such as oxidative and phosphorylation capacities, membrane proton conductance, and reactive oxygen species (ROS) production [START_REF] Boel | Allometry of mitochondrial efficiency is set by metabolic intensity[END_REF][START_REF] Brand | Proton conductance and fatty acyl composition of liver mitochondria correlates with body mass in birds[END_REF][START_REF] Darveau | Allometric cascade as a unifying principle of body mass effects on metabolism[END_REF][START_REF] Else | Respiration rate of hepatocytes varies with body mass in birds[END_REF][START_REF] Emmett | Scaling of oxidative and glycolytic enzymes in mammals[END_REF][START_REF] Hulbert | Acyl composition of muscle membranes varies with body size in birds[END_REF][START_REF] Porter | Body mass dependence of H + leak in mitochondria and its relevance to metabolic rate[END_REF][START_REF] Porter | Causes of differences in respiration rate of hepatocytes from mammals of different body mass[END_REF][START_REF] Porter | Allometry of mitochondrial proton leak: influence of membrane surface area and fatty acid composition[END_REF][START_REF] Roussel | Oxidative phosphorylation efficiency, proton conductance and reactive oxygen species production of liver mitochondria correlates with body mass in frogs[END_REF][START_REF] Turner | Relationship between body size, Na+/K+/ATPase activity, and membrane lipid composition in mammal and bird kidney[END_REF][START_REF] Turner | Scaling of Na + ,K + -ATPase Molecular Activity and Membrane Fatty Acid Composition in Mammalian and Avian Hearts[END_REF][START_REF] Voituron | Mitochondrial threshold for H2O2 release in skeletal muscle of mammals[END_REF].

Mitochondria have a central role in global energy modulation, consuming approximately 90% of the oxygen inhaled by the organism to create a proton gradient across the inner mitochondrial membrane. Maintenance of this gradient of proton involves the transfer of electrons through a series of complexes in which some electrons can leak to react with molecular oxygen and form incompletely reduced superoxide anion (O2 •-) and other downstream ROS. The proton gradient is used by the ATP synthase to generate ATP, a molecule that fuels nearly all of the physiological processes supporting the survival and performance of the organism. However, part of the proton gradient can also be dissipated by proton leak pathways, which divert energy away from ATP synthesis into heat production [START_REF] Brand | Uncoupling to survive? The role of mitochondrial inefficiency in ageing[END_REF][START_REF] Brand | The basal proton conductance of mitochondria depends on adenine nucleotide translocase content[END_REF][START_REF] Porter | Body mass dependence of H + leak in mitochondria and its relevance to metabolic rate[END_REF][START_REF] Porter | Causes of differences in respiration rate of hepatocytes from mammals of different body mass[END_REF][START_REF] Rolfe | Cellular energy utilization and molecular origin of standard metabolic rate in mammals[END_REF]. The consequence of the proton leak is an alteration of the amount of ATP molecules synthesized by mitochondria for each oxygen atom consumed, i.e., the mitochondrial coupling efficiency (ATP/O ratio), and a reduction of the net ROS production. Therefore, mitochondrial coupling efficiency appears to be a key parameter of energy transduction, and variation in the efficiency of ATP production may have important consequences on individual performances [START_REF] Koch | Integrating Mitochondrial Aerobic Metabolism into Ecology and Evolution[END_REF][START_REF] Salin | Variation in the link between oxygen consumption and ATP production, and its relevance for animal performance[END_REF].

In an allometric context, studies have shown that mitochondrial efficiency correlates positively with body mass in skeletal muscles of mammals but this correlation depends on the metabolic intensity [START_REF] Boel | Allometry of mitochondrial efficiency is set by metabolic intensity[END_REF]. Indeed, when the rate of ATP synthesis was reduced 40-fold, the mitochondrial efficiency dropped by 20-fold in the smallest mammals and by only 7-fold in the largest ones. Such a reduction of the coupling efficiency may favor heat generation, and thus help compensate for heat loss in small mammals, especially at rest. However, extending such "activation" dependence to other tissues is still an open question. Here, we have hence focused on mitochondrial bioenergetics of skeletal and cardiac muscles, as both tissues are significant contributors to the standard metabolism of endotherms [START_REF] Field 2nd | An analysis of the relation between basal metabolism and summated tissue respiration in the rat. I. The post-pubertal albino rat[END_REF][START_REF] Konarzewski | Evolution of Basal Metabolic Rate and Organ Masses in Laboratory Mice[END_REF][START_REF] Raichlen | Causes and significance of variation in mammalian basal metabolism[END_REF] but exhibit different energetic requirements and metabolic scopes. Indeed, the skeletal muscle is regularly subjected to different metabolic intensities since it can switch from a resting state to a maximal state to ensure the locomotor function, whereas the heart muscle is always in an active state. We, therefore, investigated mitochondrial efficiency flexibility as a function of body mass in two muscle tissues that are contrasted in their range of activities. The aim of the present study was to explore mitochondrial bioenergetics (i.e., the triad of O2 consumption, ATP synthesis, and ROS generation) in addition to certain key enzyme activities of metabolic pathways (citrate synthase and lactate dehydrogenase) in the avian clade, through 13 bird species ranging from 15 g to 160 kg.

Materials and Methods

Animals and tissue sampling

All experiments were conducted in accordance with the animal care guidelines of the Ministère de la Recherche et de l'Enseignement Supérieur. We complied with Article R. 427-6 of the Environmental Code regarding wildlife species.

We selected 13 species of birds ranging from 15 g (zebra finch) to 160 kg (ostrich). Muscle tissues (skeletal muscle and heart) were acquired fresh and used for mitochondrial extraction. After surgery, the birds were allowed to recover in an outside enclosure for 4-7 days and then released at the site of their capture.

Mitochondrial isolation

Pectoralis and heart muscle samples (approx. 2 g) were collected, kept on ice-cold isolation buffer, and used within two hours for mitochondrial preparation. The ostrich is a flightless bird for which we therefore collected the gastrocnemius instead of the pectoralis, as was the case in all other flying and swimming species. Indeed, in the ostrich, the gastrocnemius is a primary locomotion muscle, i.e., running, and exhibits a relative proportional distribution muscle fibers type with a slight predominance of FG fibers [START_REF] Kohn | Muscle fiber type and metabolic profiles of four muscles from the African black ostrich[END_REF][START_REF] Velotto | Histochemical and Morphometrical Characterization and Distribution of Fibre Types in Four Muscles of Ostrich (Struthio camelus)[END_REF].

Skeletal muscle and heart mitochondrial populations were isolated in ice-cold isolation buffer (100 mM sucrose, 50 mM KCl, 5 mM EDTA, and 50 mM Tris-base, pH 7.4), following a standard extraction protocol, using a Potter-Elvehjem homogenizer, protease digestion, and differential centrifugation, all steps at 4 °C. Briefly, muscle tissues were finely cut up, homogenized with a Potter-Elvehjem homogenizer (five passages), and centrifuged at 1000 × g for 10 min. The supernatant containing subsarcolemmal mitochondria was conserved in an ice bath and the pellet containing intermyofibrillar mitochondria was suspended in isolation buffer and treated with protease from Bacillus licheniformis (1 mg.g -1 muscle wet mass) for 5 min in an ice bath. The homogenate was diluted (1:2) using the supernatant from the first centrifugation, and the mixture was centrifuged at 1000 × g for 10 min. The resulting supernatant was filtered and centrifuged at 8700 × g for 10 min to pellet the mitochondria. The mitochondrial pellet was then resuspended in isolation buffer and centrifuged at 8700 × g for 10 min, and this wash step was repeated once. Protein concentrations were determined in the mitochondrial suspension using the BCA protein assay (Pierce, ThermoFisher Scientific, France) with bovine serum albumin as the standard.

Mitochondrial oxidative phosphorylation efficiency

The mitochondrial oxidative phosphorylation efficiency was assessed at 40 °C by measuring the rates of oxygen consumption (Clark oxygen electrode, Rank Brothers Ltd, UK) and ATP synthesis from the same mitochondrial aliquots. For Aptenodytes patagonicus, mitochondrial parameters were assayed at 38 °C, and the values were recalculated to 40 °C using a Q10 of 3.5 for oxygen consumption and 2.9 for the ATP synthesis rate (D. Roussel personal data).

Mitochondria were incubated in respiratory buffer (120 mM KCl, 5 mM KH2PO4, 2 mM MgCl2, 1 mM EGTA, 3 mM HEPES, and 0.3% BSA, pH 7.4) supplemented with an ADP-regenerating system consisting of 20 mM glucose and 2 U.mL -1 hexokinase. Respiration was initiated by adding a mixture of respiratory substrates comprising 5 mM pyruvate, 2.5 mM malate, and 5 mM succinate. After initial oxygen consumption was monitored, the active state of respiration was initiated by the addition of different amounts of ADP (5,10,20,100,and 500 µM) describing different steady-state rates of phosphorylation. Alongside, the basal nonphosphorylating respiration rate was obtained by the addition of 2 µg.mL -1 oligomycin, an inhibitor of ATP synthase. Then, aliquots of mitochondrial suspension were withdrawn every minute and quenched in a perchloric acid solution (10% HClO4, 25 mM EDTA). The denatured proteins were centrifuged at 21,000 ×g for 5 min at 4 °C and the resulting supernatant was neutralized with a KOH solution (2 M KOH, 0.3 M Mops) and centrifuged at 21,000 × g for 5 min (4 °C). The ATP production was determined from the glucose-6-phosphate content of samples, as described previously [START_REF] Teulier | Cold-acclimation-induced non-shivering thermogenesis in birds is associated with upregulation of avian UCP but not with innate uncoupling or altered ATP efficiency[END_REF]. Briefly, the supernatant was incubated in reaction buffer (50 mM triethanolamine-HCl, 7.5 mM MgCl2, and 3.75 mM EDTA, pH 7.4, at room temperature) supplemented with 0.5 mM NAD and assayed spectrophotometrically by monitoring the production of NADH in the presence of 0.5 U glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides at 340 nm. The rate of ATP production was calculated from the slope of the linear accumulation of glucose-6-phosphate over the sampling time interval (1 min). It is important to note that the ATP synthesis was also determined in the basal non-phosphorylating respiration rates in the presence of 2 μg.mL -1 oligomycin to ensure that the measured rates were specific to the mitochondrial ATP synthase activity. These values were taken into account to calculate the rate of mitochondrial ATP synthesis. The mitochondrial coupling efficiency of oxidative phosphorylation, i.e., the ATP/O ratio was determined by dividing the ATP synthesis rate by the oxygen consumption rate during state 3 respiration. The respiratory control ratio (RCR) was determined by dividing the maximum phosphorylating respiration measured in the presence of 500 µM ADP by the basal non-phosphorylating respiration measured in the presence of 2 µg.mL -1 oligomycin.

Mitochondrial reactive oxygen species generation

The rate of H2O2 released by skeletal muscle and heart mitochondria was measured in respiratory buffer supplemented with 5 U/mL horseradish peroxidase and 1 μM Amplex® Red fluorescent dye at 40 °C using a fluorometer at excitation and emission wavelengths of 560 nm and 584 nm, respectively. The rates of H2O2 generation were recorded in the presence of substrates alone (5 mM pyruvate/2.5 mM malate/5 mM succinate -basal state) and after the addition of 500 µM ADP (active state). The fluorescent signal was finally calibrated using a standard curve obtained after successive addition of H2O2.

Enzyme activities

Sub-samples (20-40 mg) of frozen skeletal muscle and heart were thawed and homogenized in ice-cold 100 mM phosphate buffer, pH 7.4. Homogenization was carried out using a 2010 Geno/Grinder® tissue homogenizer (3x 30 s, 20 s rest). Homogenized samples were diluted 1/11 in 100 mM phosphate buffer containing 0.02% BSA and then centrifuged at 1000 × g for 10 min at 4 °C. The supernatant containing citrate synthase (CS) and lactate dehydrogenase (LDH) was collected, and enzyme activities were assayed spectrophotometrically at 40 °C. LDH activity was measured at 340 nm in a medium containing 20 mM imidazole, 0.02% BSA, and 280 µM NADH (pH 7.4), and the reaction was initiated with 5 mM pyruvate. CS activity was measured at 412 nm in medium containing 100 mM TRIS buffer, 300 µM acetyl-CoA, and 100 µM DTNB (pH 8), and the reaction was initiated by the addition of oxaloacetate (400 µM). The mitochondrial content of muscle tissues (milligrams of mitochondrial protein per milligram of tissue) was estimated by the ratio of CS activity measured in muscle tissue to that measured in isolated mitochondria. The LDH/CS ratio was calculated as an index of glycolytic capacity.

Statistical analyses

The phylogenetic tree of the bird species included in the study, as well as the method of acquisition, are presented in the Supplementary Material. All analyses were performed in R version 4.2.1 (R Core Team 2022). We fitted our models using Bayesian phylogenetic mixed models from the MCMCglmm package [START_REF] Hadfield | MCMC Methods for Multi-Response Generalized Linear Mixed Models: The MCMCglmm R Package[END_REF]. MCMCglmm uses a Markov Chain Monte Carlo (MCMC) estimation approach and accounts for non-independence among closely related species by including the phylogenetic relationships among species as a random variable.

We determined the number of iterations, thinning, and burn-in period for each model run across the Hackett sequenced species phylogenetic tree [START_REF] Hackett | A Phylogenomic Study of Birds Reveals Their Evolutionary History[END_REF]. Standard MCMCglmm diagnostic checks were performed for all models. We used a weakly informative prior with a set of parameters: nu = 0.002 and V = 1. Variations in these parameters did not affect the results.

We included the random effect of species, individuals, season, and bird status (domesticated or wild) and calculated the deviance information criteria (DIC) for each model. The model with only "species" as a random effect had a much lower DIC value, and the inclusion of the other random effects was, therefore, not statistically justifiable. All the data were log10 transformed to represent allometric relationships between body mass and mitochondrial parameters. The data were also translated into standard normal distribution to compare skeletal muscle and heart slopes. The coefficient of correlation r 2 was calculated by as described previously (Nakagawa et al.). We estimated the phylogenetic signal for each model and individual mitochondrial bioenergetics (Supplementary Material) as an application condition for phylogenetic regressions. Posterior mean estimates (slopes; b) are presented with their 95% lower and upper credible intervals (CIs). pmcmc with a very low values indicates strong significance of the coefficient away from zero, and pmcmc < 0.05 was considered significant in this study.

Results

Bioenergetic measurements were conducted on a total of 83 birds representing 13 species of 8 families and 7 orders (Struthioniformes, Sphenisciformes, Anseriformes, Galliformes, Columbiformes, Psittaciformes, and Passeriformes). The body mass of the smallest species (finch) differed by a factor of 10 4 from the largest species (ostrich).

Mitochondrial oxygen consumption, ATP synthesis, and ROS production

Hypoallometric scaling (slope < 1, negative allometry) between bird body mass and oxygen consumption, ATP synthesis, and H2O2 production rates (see Table 1; Figs. 1 and2) was detected in both tissues. In skeletal muscle mitochondria, the rates of oxygen consumption (at both basal non-phosphorylating and phosphorylating (active) states) and the rate of ATP synthesis were negatively related to body mass, whereas the rates of mitochondrial H2O2 generation were not (Table 1; Fig. 1). In heart mitochondria, the allometric relationships were not significant, except for the generation of H2O2 in the basal and active states (Table 1; Fig. 2). Some species were not sampled for ROS production measurements in both tissues, particularly small species (finches) in regard to the cardiac muscle. This requires careful interpretation of the relationship between bird body mass and ROS production in both muscle tissues. The RCR values, calculated as the ratio between the maximal phosphorylating respiration and the basal non-phosphorylating respiration, were independent of bird body mass in both tissues (Table 1). On the whole, the mean RCR value calculated for mitochondria isolated from skeletal muscles was 4.49 ± 0.26 SEM and 4.70 ± 0.39 SEM for those from the heart.

Mitochondrial coupling efficiency

Mitochondrial efficiencies were measured at different steady states of phosphorylation and thus at different metabolic levels (Figs. 1D and2D). The data show positive allometry (slope > 1) for the mitochondrial coupling efficiency only in skeletal muscle (Table 1) and at all metabolic intensities. For both the unstandardized and the standardized values, we found higher slopes corresponding to low metabolic intensities (Slopeeff400= 0.054; CIs= 0.015 to 0.091; Slopeeff200= 0.078; CIs= 0.023 to 0.125; Slopeeff100= 0.093; CIs= 0.025 to 0.158; Slopeeff50= 0.099; CIs= 0.035 to 0.179; and Slopeeff10= 0.135; CIs= 0.029 to 0.229). Of note, the relationships between efficiency (ATP/O) and body mass for the highest intensities exhibited the strongest r 2 (r 2 eff400= 0.57; r 2 eff200= 0.56; r 2 eff100= 0.53; r 2 eff50= 0.50; r 2 eff10= 0.49), indicating that the data were well explained by the model and displayed less dispersion than for the lowest metabolic intensities. Interestingly, the dynamic transition from the basal to the maximal oxidative phosphorylation state occurred to a different extent in small versus large species. To evaluate this flexibility, we calculated the mitochondrial efficiency channelling factor (mtEC) by fitting the relationships between ATP/O ratios and the rates of ATP synthesis with a monoexponential function [ATP/O = P/Omax x (1 -e -mtEC x JATP )], where JATP is the ATP synthesis rate and "mtEC" is the gradient of the non-linear curve [START_REF] Boel | Allometry of mitochondrial efficiency is set by metabolic intensity[END_REF]. A strong and significant positive dependence of the mtEC factor on body mass was found in birds (Fig. 3), indicating that larger birds reach their maximum coupling efficiency faster than smaller birds. In heart mitochondria, the coupling efficiency was not dependent on metabolic levels and did not exhibit a significant relationship with body mass (Table 1; Fig. 2D). The mtEC factor values were also not related to body mass in heart mitochondria (Fig. 3).

Enzyme activities and mitochondrial content

On the whole, CS activities were negatively correlated with bird body mass in both muscle tissues, with a strong and significant relationship in the heart (post. mean = -0.101; CIs= -0.159 to -0.035; r 2 = 0.56; pmcmc= 0.01), and a loose relationship in skeletal muscle (post. mean = -0.204; CIs= -0.433 to 0.062; r 2 = 0.24; pmcmc= 0.12). Similarly, mitochondrial CS activity appeared to scale negatively with body mass, showing a strong significant relationship in skeletal muscle (post. mean = -0.078; CIs= -0.137 to -0.017; r 2 = 0.65; pmcmc= 0.02) that was not found in the heart (post. mean = -0.035; CIs= -0.106 to 0.034; r 2 = 0.15; pmcmc= 0.28). LDH activities were positively related to body mass in both tissues (skeletal muscle: post. mean skeletal muscle = 0.156; CIs= -0.006 to 0.318; r 2 = 0.32; pmcmc= 0.059 and heart: post. mean heart = 0.068; CIs= -0.09 to 0.22; r 2 = 0.12; pmcmc= 0.39). The positive relationship between the LDH/CS ratio and body mass was significant in skeletal muscles but not in the heart (Fig. 4A). The mitochondrial content showed a negative correlation with body mass in both skeletal and heart muscles (Fig. 4B).

Discussion

The aim of this study was to highlight interspecific allometric relationships between bird body mass and various mitochondrial bioenergetics, including efficiency in two of the body's most metabolically active tissues, namely the skeletal and cardiac muscles. The data show for the first time a tissue-dependence of the body mass effect on mitochondrial ATP production and ATP/O, as significant allometric patterns were detected only in skeletal muscles. However, we also found a negative relationship between mitochondrial protein content and body mass in both skeletal muscles and the heart, meaning that smaller birds exhibit higher amount of mitochondria in their muscles than larger ones. This implies that the effect of body mass on mitochondrial fluxes (oxygen consumption and ATP synthesis) will be exacerbated at the level of the tissue, resulting in a stronger negative allometric relationship in the skeletal muscle and to a lesser extent, in the heart. In terms of sub-cellular O2 consumption, these results are congruent with previous studies that separately examined allometric relationships from different tissues of different species [START_REF] Brand | Proton conductance and fatty acyl composition of liver mitochondria correlates with body mass in birds[END_REF][START_REF] Hochachka | Limits and constraints in the scaling of oxidative and glycolytic enzymes in homeotherms[END_REF][START_REF] Turner | Relationship between body size, Na+/K+/ATPase activity, and membrane lipid composition in mammal and bird kidney[END_REF][START_REF] Turner | Scaling of Na + ,K + -ATPase Molecular Activity and Membrane Fatty Acid Composition in Mammalian and Avian Hearts[END_REF], thus providing evidence that the allometric relationships between body mass and sub-cellular bioenergetics are not uniformly present in every tissue and/or do not present with the same scaling exponent. In addition, it appeared that the allometric pattern is dependent upon metabolic intensities, in skeletal muscles, exhibiting a different degree of energetic flexibility between smaller and larger birds.

We collected pectoralis muscle tissue for each bird species (except for ostrich, for which we collected limb muscles) constituted of mixed glycolytic and oxidative muscle fibers, which resulted in samples with heterogeneously distributed fiber types. The pectoral muscle allows the wing to be folded down, but depending on the species, it is associated with different flight performances. Small birds, who have a high wing flapping frequency, have a pectoral muscle composed mainly of fast oxidative glycolytic (FOG) fibers [START_REF] Marquez | Skeletal muscle fiber composition of the English sparrow (Passer domesticus)[END_REF][START_REF] Welch | Fiber type homogeneity of the flight musculature in small birds[END_REF], while larger, soaring, or flightless birds have more heterogeneously distributed fiber types, with pectoral muscles also composed of slow oxidative (SO) and fast glycolytic (FG) fibers [START_REF] Rosser | The avian pectoralis: histochemical characterization and distribution of muscle fiber types[END_REF][START_REF] Rosser | Muscle Fiber Types in the Pectoralis of the White Pelican, a Soaring Bird[END_REF][START_REF] Rosser | Heterogeneity of myosin heavy-chain expression in fast-twitch fiber types of mature avian pectoralis muscle[END_REF]. In the present study, we reported that body mass is positively related to the ratios of LDH/CS and negatively related to the mitochondrial content of the skeletal muscle, indicating a greater oxidative potential of skeletal muscles in smaller species than in larger birds. This scaling of oxidative/glycolytic enzyme activities or mitochondrial content has also been reported in mammals, indicating that the larger the endotherm the higher the glycolytic potential of its skeletal muscles [START_REF] Else | An allometric comparison of the mitochondria of mammalian and reptilian tissues: The implications for the evolution of endothermy[END_REF][START_REF] Emmett | Scaling of oxidative and glycolytic enzymes in mammals[END_REF]. In turn, these data may suggest differences in fiber type composition of skeletal muscles between small and larger species. Even though small (less than 30%) fiber type differences for mitochondrial respiratory activity have been reported for complex I-and/or complex-II respiratory substrates [START_REF] Bottje | Association of mitochondrial function with feed efficiency within a single genetic line of male broilers[END_REF][START_REF] Duchamp | Nonshivering thermogenesis in king penguin chicks. I. Role of skeletal muscle[END_REF][START_REF] Gueguen | Muscle fiber contractile type influences the regulation of mitochondrial function[END_REF][START_REF] Jackman | Characteristics of mitochondria isolated from type I and type IIb skeletal muscle[END_REF][START_REF] Mogensen | Mitochondrial efficiency in rat skeletal muscle: influence of respiration rate, substrate and muscle type[END_REF][START_REF] Picard | Mitochondrial functional specialization in glycolytic and oxidative muscle fibers: tailoring the organelle for optimal function[END_REF], we cannot rule out that differences in fiber composition could explain part of the allometric scaling of mitochondrial activities reported in the present study. This hypothesis is reinforced by the absence of an allometric pattern in the heart muscle.

However, other mitochondrial parameters remain to be investigated, such as the surface area as well as the fatty acids and protein composition of the mitochondrial inner membrane, which may also contribute to the observed results [START_REF] Brand | Proton conductance and fatty acyl composition of liver mitochondria correlates with body mass in birds[END_REF][START_REF] Brand | The basal proton conductance of mitochondria depends on adenine nucleotide translocase content[END_REF][START_REF] Hulbert | Acyl composition of muscle membranes varies with body size in birds[END_REF][START_REF] Hulbert | How might you compare mitochondria from different tissues and different species?[END_REF].

In both skeletal muscles and heart tissue, mitochondria exhibited a higher coupling efficiency at high oxidative phosphorylation activity than at low mitochondrial activity (Fig. 1D,2D). This increase in mitochondrial coupling efficiency with the intensity of mitochondrial fluxes is well explained by the intrinsic kinetic of the proton leakage across the inner membrane.

Mitochondria consume oxygen to build up a proton motive force, which is then used by the ATP synthase to synthetize ATP. However, part of this proton motive force, as well as the associated oxygen consumption, is not coupled to ATP synthesis and is instead consumed by non-productive proton leak pathways [START_REF] Rolfe | Cellular energy utilization and molecular origin of standard metabolic rate in mammals[END_REF]. As a consequence, the activity of proton leakage negatively controls the mitochondrial coupling efficiency [START_REF] Brand | Control of the effective P/O ratio of oxidative phosphorylation in liver mitochondria and hepatocytes[END_REF].

Since the ATP synthase and proton leak pathways compete for the same driving force, the highest the phosphorylating activity is, the lowest the proton leakage across the inner membrane would be, resulting in the highest coupling efficiency at maximal oxidative phosphorylation activity [START_REF] Brand | Control of the effective P/O ratio of oxidative phosphorylation in liver mitochondria and hepatocytes[END_REF][START_REF] Teulier | Cold-acclimation-induced non-shivering thermogenesis in birds is associated with upregulation of avian UCP but not with innate uncoupling or altered ATP efficiency[END_REF]Boël et al., 2019). In situ, it has been reported that mitochondrial proton leakage contributes to a larger proportion of the oxygen consumed by perfused skeletal muscles in the resting state than in the working state, 50% versus 34%, respectively [START_REF] Rolfe | Contribution of mitochondrial proton leak to skeletal muscle respiration and to standard metabolic rate[END_REF][START_REF] Rolfe | Contribution of mitochondrial proton leak to respiration rate in working skeletal muscle and liver and to SMR[END_REF]. The stronger decrease in coupling efficiency at low mitochondrial activity reported here in small birds may suggest a higher proton leakage than in larger birds. In turn, this suggests that mitochondrial proton conductance in skeletal muscles would depend negatively on body mass in birds, as previously shown for liver mitochondria [START_REF] Brand | Proton conductance and fatty acyl composition of liver mitochondria correlates with body mass in birds[END_REF]. By comparison, proton leakage would contribute to a maximum of 13% of the oxygen consumed by the heart in vivo [START_REF] Rolfe | Cellular energy utilization and molecular origin of standard metabolic rate in mammals[END_REF]. This very low contribution of proton leak pathways to oxygen consumption in the heart could explain the absence of flexibility of the mitochondrial coupling efficiency in this organ. Nevertheless, further studies are needed to clarify this hypothesis.

The difference in the scaling of mitochondrial parameters between skeletal muscle and heart may also result from differences in the metabolic scope and/or physiological function between the two tissues. An important feature of skeletal muscle is the massive potential to support a wide range of activities, from basal activity to rapidly increasing the rate of energy demand and consumption [START_REF] Westerblad | Skeletal muscle: Energy metabolism, fiber types, fatigue and adaptability[END_REF]. Although the heart also undergoes modulations and responds to external stimuli (i.e., circadian rhythms, locomotion), it cannot be in a state of total rest, contrary to skeletal muscle, because of the necessity to generate regular vital contractions. Therefore, the heart, often works at a relatively constant and high intensities to support its function regardless of body mass. Yet, allometric relationships have emerged in various avian studies [START_REF] Bishop | Heart mass and the maximum cardiac output of birds and mammals: implications for estimating the maximum aerobic power input of flying animals[END_REF][START_REF] Grubb | Allometric relations of cardiovascular function in birds[END_REF] concerning morphological (i.e., heart mass) and physiological parameters (i.e., heartbeat frequency, output, and stroke volume). The present study further highlights the effect of bird body mass on the oxidative capacity (CS activity) and mitochondrial content of the heart, which are higher in small birds than are in larger avian species. Nevertheless, we did not find allometric patterns of mitochondrial fluxes (ATP synthesis, oxygen consumption, and ROS production) and efficiency, suggesting that being a large bird has no more nor less energetic advantages compared to being a small bird for the mitochondria of heart tissues. In endotherms, the skeletal muscle is an important site of thermogenesis [START_REF] Block | Thermogenesis in Muscle[END_REF][START_REF] Janský | Non-Shivering Thermogenesis and Its Thermoregulatory Significance[END_REF][START_REF] Rowland | The role of skeletal-muscle-based thermogenic mechanisms in vertebrate endothermy[END_REF]. In this context, it is interesting to note the similar allometric patterns of mitochondrial coupling efficiency reported in the skeletal muscle of birds (present study) and mammals (Boël et al., 2019), showing that coupling efficiency in small birds and mammals falls at low metabolic intensities. This similarity can be viewed as a bioenergetics lever that would facilitate heat production in small endotherms at rest. Indeed, due to their high surface-to-volume ratio, smaller endotherms have greater heat losses that necessitate compensatory increases in metabolic heat production to maintain the body temperature. This thermal constraint would be exacerbated at rest when activity is low. Therefore, it would be advantageous for smaller endotherms to uncouple further their skeletal muscle mitochondria in order to increase heat generation.

The thirteen bird species included in this study exhibited a wide range of body masses, thrived in different environments, and in some cases had physiological differences that were challenging to account for. In this context, we should discuss some of the study's methodological and conceptual shortcomings. First, to standardize the measurement between all bird species, the isolated mitochondria of both tissues were tested at a temperature of 40 °C.

However, in the present study, the body temperature of large birds (ostriches and penguins) is generally lower than 40 °C, while small birds (finches) tend to have body temperatures higher than 40°C [START_REF] Mcnab | An Analysis of the Body Temperatures of Birds[END_REF]. Flying birds also appear to have a higher body temperature than flightless birds (ostriches and penguins). By measuring mitochondrial parameters at a common temperature, we may have miss-estimated the optimal mitochondrial functioning in small (underestimation) and large birds (overestimation), which in turn would underestimate the allometric patterns. Such a potential temperature effect cannot affect our conclusions, and instead would reinforce the outcomes of the present study. Another methodological limitation may be the use of body mass as the sole morphological variable. Indeed, the wingspan could constitute another more informative morphological proxy, especially when investigating flight muscle bioenergetics. It would be useful to generate Bayesian models similar to those presented in this study that consider the wingspan as another morphological variable. Even though the wingspan displays a positive allometry (b-1/3) relative to body mass [START_REF] Nudds | Wing-bone length allometry in birds[END_REF], it exhibits a lower phylogenetic signal (~ 0.64) than the body mass does (see Supplementary Material), decreasing the phylogenetic dependence of the morphological variable. Consequently, the wingspan would be an important and interesting parameter in bird allometric studies, which could provide complementary information to the variation of some mitochondrial energetic parameters.

In conclusion, the present work highlights the tissue-dependent effect of bird body mass on mitochondrial bioenergetics. While the mitochondrial coupling efficiency in skeletal muscles correlated positively with bird body mass and depended on the metabolic intensity, the picture for cardiac muscles is simpler as there was no allometric pattern. As discussed above, the difference in the flexibility of the mitochondrial coupling efficiency between skeletal muscles and heart might be linked with the thermogenesis role of the skeletal muscle and the need for small endotherms to maintain heat generation at rest. Although, this thermoregulatory hypothesis is attractive, the reason for why coupling efficiency is more flexible in mitochondria from tissues with greater ranges of metabolic activity, such as skeletal muscles (present study, Boël et al., 2019), and less flexible in tissue with lower ranges of metabolic activity, such as the heart (present study) or liver [START_REF] Boël | Body mass dependence of oxidative phosphorylation efficiency in liver mitochondria from mammals[END_REF], remains unknown. In perspective, it is interesting to note that cultured cells often show no allometry, suggesting that some systemic effect has been lost (Glazier, 2015). Thus, the tissue-dependent effect of bird body mass on mitochondrial bioenergetics suggests that scaling cellular properties with body mass would also be influenced by some systemic effects, which remains to be clarified. Such an hypothesis is in agreement with recent literature arguing that metabolism scaling explanations must extend beyond simple energetic or physical constraints and take into account other parameters like lifehistory traits (White et al. 2022[START_REF] Giancarli | Clade-Specific Allometries in Avian Basal Metabolic Rate Demand a Broader Theory of Allometry[END_REF].

Ethics. All experiments were conducted in accordance with the animal care guidelines of the Ministère de la Recherche et de l'Enseignement Supérieur. We complied with Article R. 427-6 of the Environmental Code regarding wildlife species. (400,200,100,50, or 10 nmol ATP.min -1 .mg -1 protein). The RCR values, calculated as the ratio between the maximal phosphorylating respiration and the basal non-phosphorylating respiration. The posterior mean represents the estimated slope (b) under the standard normal distribution of the allometric equation with lower and upper 95% credible intervals.
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Post.mean nmol ATP.min -1 .mg -1 protein). Data were collected from 47 individuals from 9 bird species, except for the H2O2 production rate, for which only 24 individuals from 5 bird species were assayed. 

  Ostriches (Struthio camelus), Geese (Anser anser), Ducks (Cairina moschata), Pheasants (Phasianus colchicum), Partridges (Perdix perdix), and Quails (Coturnix japonica) were obtained from local breeders or slaughterhouses. Pigeons (Columba livia), Rooks (Corvus frugilegus), and Carrion crows (Corvus corone) were obtained from certified trappers (Associations des Piégeurs Agrées de l'Ain et du Rhône). Zebra finches (Taeniopygia guttata), Budgerigars (Melopsittacus undulatus), and Bengali finches (Lonchura striata) obtained from local providers were killed by cervical dislocation. King penguins (Aptenodytes patagonicus) were captured during one austral summer campaign at the French Alfred Faure Station, Crozet archipelago (Possession Island, 46°25'S, 51°45'E). According to the Agreed Measures for the Preservation of Antarctic and Sub-Antarctic Fauna and the ethical approval from the French Committee for Polar Research (IPEV program 131), superficial pectoralis muscle was surgically biopsied under general isoflurane anesthesia (heart was not sampled in this species).

Fig. 1|

 1| Fig. 1| Relationships between body mass and mitochondrial fluxes and efficiency in the skeletal muscle. (A) Allometric relationships for ATP synthesis in mitochondria respiring on pyruvate/malate/succinate in the presence of 500 µM ADP (active state). (B) Allometric relationships for oxygen consumption in mitochondria respiring on pyruvate/malate/succinate in the presence of oligomycin (basal non-phosphorylating state) or after the addition of 500 µM ADP (active state). (C) Allometric relationships for H2O2 production rates in basal (respiratory substrates alone) or active states. (D) Relationships for mitochondrial effective coupling efficiencies (ATP/Oeff) calculated at a given rate of ATP synthesis(400, 200, 100, 50, or 10 nmol ATP.min -1 .mg -1 protein). Data were collected from 68 individuals from 11 bird species, except for the H2O2 production rate, for which only 27 individuals from 6 bird species were assayed.

Fig. 2|

 2| Fig. 2| Relationships between body mass and mitochondrial fluxes and efficiency in the cardiac muscle. (A) Allometric relationships for ATP synthesis in mitochondria respiring on pyruvate/malate/succinate in the presence of 500 µM ADP (active state). (B) Allometric relationships for oxygen consumption in mitochondria respiring on pyruvate/malate/succinate in the presence of oligomycin (basal non-phosphorylating state) or after the addition of 500 µM ADP (active state). (C) Allometric relationships for H2O2 production rates in basal (respiratory substrates alone) or active states. (D) Relationships for mitochondrial effective coupling efficiencies (ATP/Oeff) calculated at a given rate of ATP synthesis(400, 200, 100, 50, or 10 

Fig. 3|Relationship between

  Fig. 3|Relationship between body mass and mitochondrial efficiency channeling factor (mtEC) in skeletal and cardiac muscles. Allometric equations are represented for the heart (blue circles) and skeletal muscle (green circles). Data were calculated (see Results section for more details) in 67 individuals from 11 bird species for skeletal muscles and in 47 individuals from 9 bird species for the heart. The silhouettes at the bottom illustrated the eleven species, which were (a) Taeniopygia guttata, zebra finch; (b) Coturnix japonica, quail; (c) Columba livia, pigeon; (d) Perdix perdix, partridge; (e) Corvus frugilegus, rook; (f) Corvus corone, carrion crow; (g) Phasianus colchicum, pheasant; (h) Cairina moschata, duck; (i) Anser anser, goose; (j) Aptenodytes patagonicus, king penguin; and (k) Struthio camelus, ostrich.

Fig. 4|Body mass

  Fig. 4|Body mass dependence of glycolytic potential and mitochondrial content in the skeletal and cardiac muscles. (A) Allometric relationships for the glycolytic potential, calculated as the ratio between the activities of lactate dehydrogenase and citrate synthase (LDH/CS ratio). (B) Allometric relationships for the mitochondrial content (mg protein.mg -1 tissue). Data are from 73 individuals representing 12 bird species. Allometric equations are represented for the heart (blue diamonds) and skeletal muscle (green diamonds)

  

  

  

Table 1 Effect of body mass on mitochondrial parameters.

 1 The mitochondrial ATP synthesis, oxygen consumption, and the H2O2 production rates were measured in skeletal muscle (n=68) and heart (n=47) mitochondria fuelled with pyruvate/malate/succinate (basal state) or with ADP (active state). The mitochondrial coupling efficiency (ATP/Oeff) was measured at a given rate of ATP synthesis
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